ABSTRACT: Because erythropoietin (Epo) is intensively studied as neuroprotective agent, Epo receptor (EpoR) regulation in neurons is of particular interest. Herein, we investigated molecular mechanisms of EpoR regulation in neuronal cells including the role of GATA transcription factors. First, developmental downregulation of EpoR expression in murine brain was observed. A differential expression pattern of the Gata factors was found in these specimens as well as in murine adult neural stem cells (NSC) and primary rat neurons, astrocytes, and microglia. Human SH-SY5Y cells served as a model to analyze EpoR regulation. In vitro binding of GATA-2, -3, and -4 to the 5Ј-flanking region was demonstrated. In reporter gene assays, the activity of a region containing two GATA binding sites was significantly induced when these GATA factors were overexpressed. However, GATA factors alone did not affect endogenous EpoR expression. Importantly, EpoR transcripts have doubled under hypoxia. Furthermore, we analyzed the methylation pattern close to the GATA motifs. Indeed, demethylation with 5-Aza-2Ј-deoxycytidine (Aza) resulted in upregulation of EpoR mRNA. Additionally, several CpGs were mostly nonmethylated in SH-SY5Y cells, but methylated in specific regions of the human adult brain. Thus, methylation may be involved in developmental EpoR downregulation. 
R ecombinant erythropoietin (rEpo) exhibits significant neuroprotective effects in animal studies of neonatal and adult brain injury and in the first clinical trials (1) . REpo mediates its neuroprotective effects by binding to the erythropoietin receptor (EpoR) and by activating complex signaling cascades (2) . The requirement of EpoR signaling for brain development has been demonstrated in EpoR null mice and in mice with selective EpoR ablation in the brain, which have a reduced number of neuronal progenitor cells in the subventricular zone and show extensive apoptosis in the brain (3) (4) (5) . Although the absolute level of EpoR expression is developmentally downregulated, expression persists in selected areas, and vascular endothelial cells as well as mature neurons (4, 6) . In fact, EpoR expression is also downregulated with differentiation of neural progenitor cells (5) . Impaired poststroke neurogenesis in adult mice with brain-specific EpoR deletion confirmed the remaining functional implication of EpoR expression (4) . For using rEpo as neuroprotective agent, understanding of the regulation of EpoR expression therefore becomes extremely important, even if erythropoietin (Epo) can mediate neuroprotection partially through a heterodimer composed of one EpoR monomer and one common ␤-subunit homodimer (7) . Beside the fact that EpoR expression in neuronal cells is upregulated in response to hypoxia and TNF-␣ (3,8 -10) , the molecular mechanisms of EpoR regulation in the nervous system are almost unknown.
Analysis of the EpoR 5Ј-flanking region revealed several potential GATA binding sites. The transcription factor GATA-1 activates EpoR expression in hematopoietic cells, but is not expressed in neuronal cells (11) . Thus, the question arises whether other GATA transcription factors are involved in EpoR regulation in the nervous system. GATA transcription factors are a family of six zinc-finger proteins, which bind to the (T/A)GATA(G/A) consensus sequence and play important roles in cellular differentiation and proliferation. Despite similarities in the binding sites and structure, different GATA factors take over specific functions, likely depending on surrounding sequences and on cofactors. A first attempt to link GATA transcription factors to EpoR expression in neuronal cells revealed that stable overexpression of GATA-3 (using a vector construct that also expresses Sp1) resulted in increased EpoR expression in human teratocarcinoma-derived neuronal precursor cells (NT2) (3) . REpo stimulated GATA-3 expression in NT2 cells, suggesting that neuronal GATA transcription factors could be involved in a regulatory network allowing rEpo to enhance EpoR expression (3) .
The aims of the study were (1) to elucidate the functional relevance of the GATA motifs for EpoR regulation in cells with characteristics of neuronal precursors and (2) to gain information on mechanisms involved in the developmental downregulation of the EpoR in the brain.
MATERIALS AND METHODS
Preparation of murine tissues and cells. WT CD61 mice were mated and embryos were collected at embryonic day (E) E9.5/E11.5/E13.5 and neonatal day 1. For RNA preparation, tissue specimens were homogenized in TRIZOL (Invitrogen, Karlsruhe, Germany).
Adult neural stem cells (NSC) were prepared from Bl6C57 mice as described (12) . NSC were cultivated in NBMA (Invitrogen) containing 2% B27 w/o retinoic acid (Invitrogen), 1% L-glutamine, 10 ng/mL bFGF, and 20 ng/mL EGF (Biochrom, Berlin, Germany).
Preparation of rat primary cells. Primary neuronal cultures of cerebral cortex from Wistar rat embryos (E17) were prepared as described (13) . Astroglial and microglial cell cultures were prepared from newborn rats as described (14) . Microglial cells were seeded at a density of 100,000 cells/cm 2 and harvested after 24 h. Astrocytes were seeded at density of 120,000 cells/cm 2 and harvested after 48 h. All animal studies were approved by the Institutional Review Board (Landesamt für Gesundheit und Soziales, Berlin).
Human tissues. Human adult tissue specimens obtained from the enthorinal, frontal and motor cortex, and cervical spinal cord were taken at post mortem examination with approval of the Institutional Review Board of the Charité after obtaining informed consent in accordance with the Berlin autopsy law.
Cell culture. The human neuroblastoma-derived cell line SH-SY5Y (ATCC; CRL-2266) was cultivated in RPMI 1640 with L-glutamine (Invitrogen), supplemented with penicillin/streptomycin and 10% FCS. To achieve hypoxia, cells were incubated at 2% O 2 for 72 h. In additional experiments, cells were treated with 5 U/mL rEpo (Epoetin-beta, Hoffmann-La Roche, Grenzach-Wyhlen, Germany) for 72 h.
RNA isolation, RT-PCR, and real-time PCR. RNA was isolated using TRIZOL. First-strand cDNA was synthesized from 2 g of RNA using Oligo(dT) 15 primer (Promega, Mannheim, Germany). Genes of interest were amplified using specific primers (Table 1) . ␤-actin primers were purchased (Invitrogen, Cat. No. 10929-016). PCRs were repeated at least three times. PCR-products were resolved on 1.5% agarose gels. The photographs were inverted. For EpoR and ␤-actin quantification, TaqMan real-time PCR was performed using commercial primers (hEpoR Hs00181092_m1; h␤-actin Hs99999903_m1; Applied Biosystems, Foster City, CA).
Protein preparation and Western blot analysis. Nuclear protein extracts were prepared and quantified as described (15) . For Western blot analysis, proteins were electrophoresed on Novex 4 -20% Tris-glycine gels (Invitrogen) under denaturing conditions. The following primary antibodies (Santa Cruz Biotechnology, Santa Cruz, CA) were used: GATA-2 (CG2-96), GATA-3 (HG3-31), and GATA-4 (C-20).
Electrophoretic mobility shift assays. Electrophoretic mobility shift assay was performed as described (16) . End-labeled double-stranded oligonucleotides (Table 2) were incubated with 8 g of SH-SY5Y nuclear extracts. In competition experiments, 400-fold excess of cold WT or mutant competitors was added. Where indicated, GATA-2 (CG2-96), GATA-3 (HG3-31), GATA-4 (C-20), or GATA-6 (C-20) antibodies (Santa Cruz Biotechnology) were postincubated with the samples for 20 min at 30°C. DNA-protein complexes were separated on 5% polyacrylamide gels and visualized by autoradiography.
Expression plasmids, and transient transfections. Full-length sequences of human GATA-2 and GATA-3 were subcloned from pRSV/neoϩGATA-2 and RSV/hGATA3 (provided by C.T. Noguchi, National Institutes of Health, and J.D. Engel, University of Michigan, respectively) into the pcDNA3.1(ϩ) vector (Invitrogen). Full-length sequence of human GATA-4 (GenBank AY740706) was cloned into pcDNA3.1(ϩ) vector. Expression vectors for human Ϫ2 friend-of-GATA-2 (FOG-2; pcDNA1/hFOG-2) and Sp1 (pN3-Sp1FL-complete ϩ empty vector pN3) were provided by E.N. Olson (University of Texas) and G. Suske (University of Marburg, Germany), respectively.
For stable overexpression of GATA-2, -3, and -4, SH-SY5Y cells were transfected with the expression plasmid using FuGENE 6 transfection reagent (Roche Diagnostics, Mannheim, Germany). Transfected cells were grown in selection medium containing geneticin G-418 (Invitrogen) for several weeks.
For transient overexpression of transcription factors, SH-SY5Y cells were transfected with the expression plasmid and harvested after 48 h with TRIZOL.
RNAi. RNAi for GATA-2 and -3 was performed using Silencer PreDesigned siRNA (Ambion, Austin, TX; GATA-2 ID no. 145419; GATA-3 ID no. 43336; Silencer Negative Control no. 1 siRNA). RNAi for GATA-4 was performed using pSilencer/hGATA-4 (852-870) vector and empty plasmid pSilencer 1.0-U6 from Ambion (15) . SH-SY5Y cells, cultured without antibiotics in 6-well-plates, were transfected with 100 pmol siRNA/well or with 4 g of vector DNA/well using Lipofectamine 2000 (Invitrogen). Ninety-six hours after transfection, cells were harvested with TRIZOL.
Reporter gene assays. Fragments at nucleotides (nt) Ϫ449/ϩ33 and Ϫ75/ϩ33 (numbers indicate the position in the human EpoR 5Ј-flanking region relative to transcription start site, GenBank S45332) were amplified from human genomic DNA and cloned into pGL2-basic luciferase vector (Promega). Mutant construct GATA mut Ϫ44 (TATC to CCCC) was generated by Overlap-Extension-PCR.
For reporter gene assays, SH-SY5Y cells were transfected with 1 g pGL2-construct and 1 g expression vector for GATA-2, -3, -4 with or All primers are given in the 5Ј to 3Ј direction. h, human; m, mouse; r, rat.
Table 2. List of the oligonucleotides that have been used for electrophoretic mobility shift assay (EMSA) experiments based on the presence of predicted GATA binding site in the 5Ј-flanking region of the human EpoR gene (GenBank accession no. S45332)

Oligonucelotide
Single strand sequence
Only the noncoding strand is shown; the potential GATA binding site is underlined; numbers indicate positions relative to the transcription start site. mut, mutant.
without 1 g of pcDNA1/hFOG-2 or empty plasmid pcDNA3.1(ϩ). After 48 h, cells were harvested and analyzed for luciferase activity using the Luciferase Assay System protocol (Promega). Methylation analysis. To investigate the effect of demethylation of genomic DNA on EpoR expression, SH-SY5Y cells were treated with 5 or 10 M 5-Aza-2Ј-deoxycytidine (Aza; Sigma Chemical Co., Saint Louis, MO). After 24 and 48 h, the medium was changed and fresh Aza was added. 72 h after seeding, cells were harvested with TRIZOL. For methylation analysis, genomic DNA was prepared from SH-SY5Y cells (6 ϫ 10 6 ) and human tissues (25 mg each) using the DNeasy Tissue Kit (Qiagen, Hilden, Germany). A total of 0.6 -2 g of digested DNA were modified by bisulfite treatment using the EpiTect Bisulfite Kit (Qiagen). The EpoR region spanning nt Ϫ325 to ϩ262 was amplified using HotStarTaq Master Mix Kit (Qiagen) with the primers IP50ϩ (5Ј-aaaaaataatttttatttatttcc-3Ј) and IP55-(5Ј-actcatccttacctttactc-3Ј). PCR was carried out with initial denaturation at 95°C for 15 min, followed by 46 cycles of 95°C for 45 s, 50°C for 1 min, 72°C for 1 min, and final extension at 72°C for 10 min. PCR products were cloned into pCR2.1-TOPO vector using TOPO TA Cloning Kit (Invitrogen). Six clones of each sample were verified by sequencing.
Statistical analysis. Before analysis, data were proven for normal distribution; statistical significance was examined by student t test or one-way ANOVA post hoc comparisons as indicated. A p value Ͻ0.05 was considered to be significant.
RESULTS
Expression of EpoR and Gata transcription factors in mammalian brain and its specific cell types.
RT-PCR analysis of murine brain specimens confirmed developmental downregulation of EpoR (Fig. 1A) . We detected EpoR mRNA in murine adult NSC and in rat primary neurons, astrocytes, and microglia (Fig. 1B) . Moreover, we found expression of Gata-2 and -3 throughout gestation and in adult NSC. Although Gata-3 was expressed in rat neurons, astrocytes, and microglia, we detected Gata-2 only in rat neurons and astrocytes. A faint Gata-2 band in microglia resulted from contamination of this culture with astrocytes. Weak Gata-4 mRNA expression was detected only in brains from E11.5 mouse embryos and in adult murine NSC (Fig. 1) .
SH-SY5Y cells as model to study nonhematopoietic EpoR regulation. We analyzed expression of all GATA transcription factors in SH-SY5Y cells because this cell line has previously been established as model for studying mechanisms of neuron-specific, hypoxia-inducible Epo gene expression, and expresses functional "classical" EpoR in the absence of the common ␤-subunit (17, 18) . Figure 2A shows mRNA expression of GATA-2, -3, and -4 as well as of EpoR. In contrast, GATA-1, -5, and -6 were not expressed. The expression of GATA-2, -3, and -4 protein was confirmed in nuclear protein extracts (Fig. 2A) .
In vitro binding of GATA-2, -3, and -4 to the EpoR 5-flanking region. Sequence analysis showed six potential binding sites in the EpoR 5Ј-flanking region, located at nt Ϫ1490/Ϫ1487, Ϫ524/Ϫ520, Ϫ491/Ϫ487, Ϫ274/Ϫ271, Ϫ47/ Ϫ44, and ϩ133/ϩ136. Incubation of oligonucleotides containing the Ϫ274/Ϫ271 and Ϫ47/Ϫ44 GATA sites with nuclear proteins from SH-SY5Y cells led to formation of several protein-DNA complexes (Fig. 2B, lane 2) . Although all complexes diminished significantly after preincubation with excess of WT competitor oligonucleotides (lane 3), one distinct protein-DNA complex remained after preincubation with a mutant oligonucleotide (lane 4), suggesting that formation of this protein-DNA complex requires the GATA site. Incubation with specific antibodies (lanes 5-7) resulted in super-shifted complexes, indicating binding of GATA-2, -3, and -4 to the Ϫ286/Ϫ257 oligonucleotide (Fig. 2B, left panel) , and of GATA-3 and -4 to the Ϫ54/Ϫ25 oligonucleotide (right panel). Incubation with a GATA-6 antibody (lane 8) served as negative control because GATA-6 is not expressed in SH-SY5Y cells. No specific interaction of GATA factors was found at the other four GATA motifs.
Effects of forced hGATA-2, -3, and -4 expression on EpoR promoter activity and EpoR expression. The effects of overexpression of hGATA-2, -3, and -4 on the activity of two reporter gene constructs (Ϫ449/ϩ33 and Ϫ75/ϩ33) are presented in Fig. 3A . Both constructs were activated to a similar extent by hGATA-2 and -3 (2.6-to 2.9-fold, p Ͻ 0.01), and somewhat higher by hGATA-4 (3.5-to 4.8-fold, p Ͻ 0.01). Unexpectedly, mutation of the Ϫ47/Ϫ44 GATA binding site did not abolish reporter gene activation. To prove whether the cofactor FOG-2 is implicated in activation of EpoR by GATA factors, analysis was performed with forced FOG-2 expression. Surprisingly, activation by the GATA factors was inhibited when the cells were additionally transfected with hFOG-2.
Although stable transfections with expression vectors for hGATA-2, -3, and -4 were successful, this did not result in significant changes of endogenous EpoR expression (Fig. 3B) . We also checked EpoR expression in SH-SY5Y cells with siRNA-induced downregulation of hGATA-2, -3, or -4. No significant effect on the EpoR expression was found by realtime PCR, although GATA mRNA expression levels were knocked down to about 43-60% of those in controls (not shown). However, we could achieve a 1.7-1.8 Ϯ 0.9-fold increase of EpoR transcripts if GATA-2, -3, or -4 were cotransfected with Sp1 (not significant; not shown).
Additionally, we analyzed the effect of hypoxia and rEpo treatment on EpoR mRNA expression. Cultivating SH-SY5Y cells under 2% O 2 for 72 h resulted in moderate, but significant upregulation of EpoR mRNA (1.9-fold, p Ͻ 0.05) (Fig. 3B) . Under normoxia, treatment with 5 U/mL rEpo for 72 h did not change expression of EpoR or GATA factors (not shown).
Methylation status of the EpoR 5-flanking region. Because of the discrepancy between activation of EpoR promoter regions by overexpressed GATA transcription factors and their absent effect on endogenous EpoR mRNA expression, we analyzed the sequence with respect to potential methylation sites. There are 20 CpG motifs in the region spanning nt Ϫ600 to ϩ149. The first CpG is located directly 5Ј to the GATA motif in position Ϫ274/Ϫ271. To test whether methylation plays a role in EpoR expression, we incubated SH-SY5Y cells with different doses of Aza for 72 h, which leads to demethylation of genomic DNA. Indeed, demethylation resulted in a dose dependant increase of EpoR mRNA (Fig. 4) .
Next, we analyzed the methylation status of the 20 CpGs in the EpoR 5Ј-flanking region in SH-SY5Y cells and in four different regions of the human adult CNS (enthorinal, frontal and motor cortex, and cervical spinal cord) (Fig. 5) . The analyzed fragment of the EpoR 5Ј-flanking region showed modest methylation in SH-SY5Y cells, which exhibit the phenotype of fetal neuronal precursors. CpG no. 2, 13, and 14 were methylated in 50% of clones and two others in Ͻ17%. In the adult brain, methylation slightly increased and showed a different pattern. CpG no. 2 and three others (no. 4, 12, and 20) were methylated in 66 -100% of clones. Several other CpGs were methylated in Ͻ50% of the clones from enthorinal and frontal cortex specimens. 
DISCUSSION
The great potential of rEpo in neuroprotection and/or regeneration may be limited by the developmental downregulation of EpoR expression (6). On the opposite, EpoR expression has been found in different tumors, and concerns in using rEpo to treat anemia during chemotherapy have been raised (1) (http://www.fda.gov/medwatch/safety/2008/epo_DHCP_ 03102008.pdf). This causes more general interest on EpoR regulation in nonhematopoietic cells. Numerous previous studies describing developmental and cellular EpoR expression patterns are inconsistent, because antibodies were used that turned out to be largely unspecific (19, 20) . However, our analysis confirmed the developmental downregulation of the EpoR in the murine brain ( Fig. 1) (4,6) . As previously reported for cultured primary neurons, astrocytes, and microglia of various species (10, 21) , we also detected EpoR mRNA transcripts in these cell types isolated from adult rats (Fig. 1B) . Additionally, EpoR was expressed in murine adult NSC (Fig.  1B) , which may be the correlate for Epo-mediated induction of neuronal progenitor differentiation (22) .
Among the transcription factors involved in EpoR regulation in hematopoietic cells (23) (24) (25) , only Sp1 and Wilms tumor suppressor-1 (in its Wt1(-KTS) isoform), but not GATA-1 are expressed in the CNS. Recent data indicate that Wt1(-KTS) does not activate EpoR expression in nonhematopoietic cells (25) . The findings that stable transfection of GATA-3 almost doubled the amount of EpoR mRNA and increased EpoR promoter activity in human teratoma-derived neuronal precursor (NT2) cells (3), raised the question whether members of the GATA transcription factor family regulate neuronal EpoR expression.
Our analysis provides novel information on the expression pattern of GATA transcription factors during brain development and in brain-derived primary cell types. Previous analyses of mutant mice with targeted deletions of Gata-2 and Gata-3 indicate that both transcription factors have significant implication in brain development (26, 27) , whereas disorders in brain development of mutant mice with homozygous Gata-4 deficiency have not been described. However, Gata-4 expression has been reported in migrating gonadotropinreleasing neurons of developing mice (28) , and own preliminary data indicate GATA-4 expression in glioblastomaderived cells (Hoene et al., unpublished) . In developmental analysis, we show a peak in Gata-2 and Gata-3 mRNA expression at mid gestation, whereas very low Gata-4 transcripts were detected only at E11.5 (Fig. 1A) . In addition to previous studies that identified Gata-2 and Gata-3 expression in subtypes of neuronal precursor cells and mature neurons (26, 27, 29, 30) , we describe for the first time Gata-2 expression in primary astrocytes (Fig. 1B) . In contrast, Gata-3 is expressed both in primary astrocytes and microglia, a novel finding that may have implication in inflammatory processes in the brain. However, lack of Gata-4 transcripts in any primary cell line points to Gata-4 redundancy in the normal nervous system, even if low transcription was detected in cultured NSC (Fig. 1B) .
GATA proteins isolated from SH-SY5Y cells, which express functional EpoR (17, 18) , bind indeed with a specific pattern to two out of six predicted GATA binding sites (Fig.  2B) . Although all three GATA factors bind to the motif located at nt Ϫ274/Ϫ271, only GATA-3 and -4 bind to the GATA motif at nt Ϫ47/Ϫ44, which is located within the minimal hematopoietic EpoR promoter and has been identified as binding motif for GATA-1 (11, 23, 31, 32) . In hematopoietic cells a positively regulating domain at nt Ϫ76 to ϩ78, that contains the minimal EpoR promoter, and two negatively regulating domains (Ϫ1050/Ϫ450 and ϩ78/ϩ136) were identified (31) . Thus GATA factors, expressed in neuronal precursor cells, obviously do not bind to negative regulatory domains within the EpoR 5Ј-flanking region.
Accordingly, reporter gene assays indicate that GATA-2, -3, and -4 significantly induce the activity of two EpoR constructs (Fig. 3A) . Unexpectedly, stable overexpression had no significant effect on EpoR mRNA expression in SH-SY5Y cells (Fig. 3B) , and in an opposite approach, suppression of endogenous GATA expression by siRNAs also failed to change EpoR gene expression. Similar as reported in NT2 cells with stable GATA-3/Sp1 overexpression, we found al- Of note, this effect was not statistically significant. Both NT2 and SH-SY5Y cells responded similarly to hypoxia with a significant 2-fold induction of EpoR transcription. Interestingly, transfection with FOG-2, an important cofactor for GATA function (33) , totally abolished the effect of GATA-2, -3, and -4 in activating the EpoR reporter gene (Fig. 3A) , suggesting a squelching effect. FOG-2 is known to act as suppressor or activator of GATA factors, depending on the regulatory context (33) . Thus, our cumulative data do not support a role of GATA factors in directly regulating the EpoR gene expression.
However, demethylation of genomic DNA resulted in a significant upregulation of EpoR mRNA (Fig. 4) , leading to the hypothesis that EpoR downregulation during brain development may be due to epigenetic alterations. Within the EpoR 5Ј-flanking region from nt Ϫ1779 to Ϫ606, 31 CpGs are located followed by a 330 bp long CpG-free sequence. Another stretch of 19 CpGs is found beginning with one directly at the GATA binding site in position Ϫ274/Ϫ271 and going up to the translational start site (Fig. 5A) . The ATG is also followed by several additional CpG motifs. Interestingly, the Ϫ300/ϩ149 fragment showed a slightly lower methylation rate and a different methylation pattern in SY-SY5Y cells, that exhibit a fetal neuronal phenotype, than in specimens from the human adult brain (Fig. 5B) . Within the studied fragment, the methylation may not totally abolish transcriptional activity. For example, CpG motifs that overlap with Sp1 binding sites (no. 5-9, 16, and 19) show no or only low methylation, whereas various transcription factors (including members of the Ets family) potentially bind around the CpG motifs 2, 4, and 12 that are methylated in the adult brain (Fig. 5) . Because preliminary data indicate that mutation of the Ets binding motif in position nt ϩ19/ϩ24 induces activity of EpoR reporter constructs (Wallach et al., unpublished), regulatory mechanisms of EpoR expression in the brain may include transcriptional regulation as well as epigenetic silencing.
